Protein tyrosine phosphatase-like A (PTPLa) has been implicated in skeletal myogenesis and cardiogenesis. Mutations in PTPLa correlated with arrhythmogenic right ventricular dysplasia in humans and congenital centronuclear myopathy with severe hypotonia in dogs. The molecular mechanisms of PTPLa in myogenesis are unknown. In this report, we demonstrate that PTPLa is required for myoblast growth and differentiation. The cells lacking PTPLa remained immature and failed to differentiate into mature myotubes. The repressed MyoG expression was responsible for the impaired myoblast differentiation. Meanwhile, impeded cell growth, with an obvious S-phase arrest and compromised G 2 /M transition, was observed in PTPLa-deficient myoblasts. Further study demonstrated that the upregulation of cyclin D1 and cyclin E2 complexes, along with a compromised G 2 /M transition due to the decreased CDK1 (cyclin-dependent kinase 1) activity and upregulated p21, contributed to the mutant cell S-phase arrest and eventually led to the retarded cell growth. Finally, the transcriptional regulation of the PTPLa gene was explored. We identified PTPLa as a new target gene of the serum response factor (SRF). Skeletal-and cardiac-muscle-specific SRF knockouts resulted in significant decreases in PTPLa expression, suggesting a conserved transcriptional regulation of the PTPLa gene in mice.
S keletal myogenesis involves multiple processes in which undifferentiated myoblasts proliferate, withdraw from the cell cycle, and differentiate into mononucleated myocytes followed by a subsequent fusion of myocytes into multinucleated myotubes. The latter are assembled into mature muscle fibers along with the expression of muscle-specific proteins. The multistep process is tightly regulated in order to secure normal myogenesis development. Extensive studies that have focused on myogenic transcriptional regulation revealed four essential myogenic regulatory factors (MRFs), MyoD (17) , MyoG (myogenin) (20, 65) , Myf5 (muscle regulatory factor 5) (11) , and MRF4 (muscle regulatory factor 4) (10, 47, 55) . These factors function coordinately at different stages of muscle cell fate during development and play crucial roles in myogenesis. In comparison with myogenic transcriptional regulation, there have been far fewer studies of posttranslational regulation of myogenesis. Accumulating evidence has begun to reveal that tyrosyl phosphorylation and its opposite, dephosphorylation, are important regulatory components during myogenic progression. Several representative studies have examined focal adhesion kinase (FAK), a nonreceptor tyrosine kinase also known as protein tyrosine kinase 2 (53, 54) , phosphatidylinositol 3=-kinase (PI3K) (16, 30) , phosphoinositide phosphatase myotubularin, and protein tyrosine phosphatase SHP-2 (22, 32, 33) .
Protein tyrosine phosphatase-like A (PTPLa) is a protein tyrosine phosphatase in which the active motif (I/V)HCXXGXXP (S/T) contains an arginine-to-proline replacement (indicated by boldface) (61) . While the significance of this substitution remains to be determined, the developmental expression and specific tissue distribution of the mouse PTPLa transcripts strongly imply a role in skeletal myogenesis and cardiogenesis. In mouse embryos, PTPLa expression in somites throughout myogenesis and in cardiomyocytes of the primitive heart was detected by in situ hybrid-ization as early as embryonic day 8.5 (E8.5) (61) . Consistent with the embryonic expression pattern, the highest transcript levels of PTPLa were observed in adult mouse heart and skeletal muscle (61) . However, the biological function of PTPLa in muscle development remains largely unknown. Mutations in the PTPLa gene were found in patients suffering from arrhythmogenic right ventricular dysplasia (ARVD) (31, 38) and in Labrador retrievers suffering from congenital myopathy (52) , suggesting a potential role of PTPLa in muscle development and normal function.
In this study, we assessed PTPLa protein levels in adult mouse tissues and found that PTPLa was almost exclusively expressed in heart and skeletal muscle. We then used C2C12 myoblasts as a tool to study PTPLa's effect on myoblast proliferation and differentiation and the associated molecular mechanism by gain-and lossof-function approaches. Our data provide evidence that PTPLa is an important regulator in skeletal myogenesis. The promyogenic role of PTPLa is associated with the modulation of myogenic differentiation and proliferation, and PTPLa deficiency impedes both processes. Furthermore, we explored PTPLa transcriptional regulation and identified SRF (serum response factor) as a major transcription factor responsible for PTPLa gene expression. for 12 h followed by BrdU (bromodeoxyuridine) treatment for 45 min before harvesting. The anti-BrdU antibody and the corresponding second antibody were purchased from Invitrogen (Zymed's BrdU kit). Single-cell suspensions containing at least 1 ϫ 10 6 synchronized cells grown in GM were prepared for the cell cycle analyses by FACS (fluorescence-activated cell sorting) using a FACSCalibur system (Becton Dickinson Biosciences, San Diego, CA) (28) . The data were processed using ModFit LTTM software (Verity Software House, Inc., Topsham, ME) to determine cell populations in the G 0 /G 1 , S, and G 2 /M phases. To further assess the cell population in M phase, the synchronized cells were cultured in a serum restoration growth medium for 0, 4 and 8 h. Cell nuclei were visualized by DAPI staining. Five random images were taken using a 20ϫ florescent microscopy objective. Cells showing typical telophase morphology (double nuclei) were counted as M phase positive. The percentage of M-phase population was calculated by comparing the number of M-phase-positive cells to total nuclei. Electrophoretic mobility shift assay (EMSA). The 32 P-labeled 19-to 20-bp-long DNA duplexes containing the individual serum response elements (SREs) from the 5-kb region upstream of the PTPLa gene were used as probes, and the control SRE-positive probe was derived from a skeletal ␣-actin promoter containing one SRE (14) . Mutant SRE probes were used to validate the specificity of binding. The probes (5= to 3=) were as follows: for SRE1, TTGTTCCTCCTATGGGGCT/AGCCCCATAGGAG GAACAA; for SRE2, TAGCTCCTTCTCTGGGGACC/GGTCCCCAGAG AAGGAGCTA; for SRE3, ACATCCATAAAAGGAAAGA/TCTTTCCTT TTATGGATGT; and for the mutant SRE3, ACATAAATAAAAAAAAAG A/TCTTTTTTTTTATTTATGT. Experiments examining the supershift by the anti-SRF antibody and competition with unlabeled probe were conducted to verify the SRF-DNA interaction as described previously (59) . Nuclear extracts were used for each experiment.
Luciferase assay. The 5-kb region upstream of the PTPLa gene containing the SRE3 site was subcloned into pGL3-basic vector expressing a luciferase reporter gene (Promega). A similar vector with the SRE3 mutant was constructed as a mutant reporter vector. Generation of the SRF expression vector and transient transfections were described previously (14) . The luciferase assay was conducted 36 h posttransfection. Lysis buffer was purchased from Promega (E3971), and 20 of 60 l of the lysis supernatant was used with a Monolight 3010 luminometer (Pharmingen) for the measurement of luciferase activity. Each sample was measured three times. All results were normalized to ␤-galactosidase activity (MRX Revelation; DYNEX Technologies).
Chromatin immunoprecipitation (ChIP) assay. The SRF expression vector was transfected into C2C12 cells. After 36 h, cells were gently fixed with formaldehyde and lysed by sonication. The specific SRF-DNA complex was immunoprecipitated using anti-SRF antibody. The identity of the DNA fragments isolated in the complex with SRF was determined by PCR, and the final PCR products were then sequenced to confirm the presence of the SRE motif.
Generation of skeletal-and cardiac-muscle-specific SRF knockout mice. Constitative SRF knockout resulted in early embryonic lethality due to several defects in mesoderm formation (4) . To avoid the lethality and evaluate the PTPLa expression level under SRF-null conditions, SRF loxp/loxp mice (a generous gift from Alfred Nordheim) were bred with ␣MHC-MerCreMer and MCK-Cre mice (Jackson Laboratory) to generate SRF loxp/loxp/Mer-CreMer and SRF loxp/loxp/MCK-Cre mice, respectively. SRF deletion in cardiomyocytes was achieved by application of tamoxifen (20 g/g of body weight; intraperitoneal injection for 4 days) (57) . All experiments with animals were approved by the Institutional Animal Care and Use Committee of the Texas A&M Health Science Center-Houston.
Statistical analysis. Data were expressed as means Ϯ standard errors of the means. In multiple comparisons, one-way analysis of variance (ANOVA) was used followed by the Holm-Sidak method. In two-group comparisons, a nonpaired t test was used (SigmaPlot, version 11.0). A value of P Ͻ 0.05 was considered significant.
RESULTS

PTPLa is highly expressed in cardiac and skeletal muscle.
To explore the biological functions of PTPLa, we evaluated the PTPLa expression profile in six different adult mouse tissues. The highest expression level of PTPLa mRNA was observed in the heart followed by skeletal muscle (Fig. 1 ). The transcription level of PTPLa was assessed by regular PCR (Fig. 1A) and quantified by QPCR analysis (Fig. 1B) . The PTPLa mRNA level in the heart was more than 2-fold higher than in skeletal muscle ( Fig. 1B) . PTPLa mRNA was undetectable in the rest of the tissues. A similar observation was made for PTPLa protein expression assessed by Western blot analysis (Fig. 1C ). The PTPLa protein expression was detected in both mouse heart and skeletal muscle, with the highest level in the heart (Fig. 1C) . A trace PTPLa protein was detected in testis but not in other tissues.
PTPLa is upregulated during myoblast differentiation, and the differentiation is impaired in the presence of PTPLa deficiency. Since PTPLa is highly expressed in cardiac and skeletal muscles, we used the loss-and gain-of-function approaches to focus on PTPLa's role in skeletal myogenesis in C2C12 myoblasts. The PTPLa-deficient myoblast cell line was established by the use of lentivirus-expressing PTPLa-specific shRNA. The myoblast differentiation was then induced in both the control (nonspecific-shRNA-treated myoblasts) and PTPLa-deficient myoblast cells by serum deprivation (differentiation medium [DM]), and the PT-PLa transcript and protein levels were assessed by QPCR ( Fig. 2A ) and Western blot analysis ( Fig. 2B ). We observed that the PTPLa mRNA level gradually increased to the peak value at differentiation day 3 in control myoblasts and then returned to the basic level. The dynamic change in PTPLa expression during differentiation was completely blocked in PTPLa-deficient myoblasts. Typical myoblast differentiation morphology changes, with cell elongation and alignment, cell fusion, and myotube formation, were observed in the wild-type and control myoblasts (Fig. 2C , left and right panels, respectively). However, the myoblasts lacking PTPLa failed to differentiate and retained the proliferating status ( Fig. 2C , middle panel). This result implied a potential role of PTPLa in myoblast terminal differentiation and myotube formation.
To determine whether PTPLa is essential for myogenesis, the expression of several myogenic markers was monitored during myoblast differentiation. Significant increases in transcription of Acta-1 (skeletal ␣-actin), TnC (troponin C), Myh3 (embryonic skeletal myosin heavy chain 3), and Myh8 (perinatal skeletal myosin heavy chain 8) were detected in the control myoblasts by QPCR analysis, and the increases were impeded in the PTPLadeficient myoblasts (Fig. 3A ). The myotube formation was observed along with an induction of MHC (myosin heavy chain) expression in the control myoblasts but not in the PTPLadeficient myoblasts (Fig. 3B ). The Western blot result for MHC protein expression was consistent with the immunohistochemistry observation ( Fig. 3C) , showing a lack of MHC protein induction in PTPLa-deficient myoblasts. Together, these data indicated that myogenesis was impaired by a loss of PTPLa in C2C12 myoblasts.
PTPLa regulates myogenesis through MyoG. Skeletal muscle differentiation is tightly regulated by basic helix-loop-helix myogenic regulatory factors (MRFs) MyoD, Myf5, MyoG, and MRF4 (1-3, 6, 9) . These factors function as master regulators in skeletal muscle development. To evaluate their roles in PTPLa-mediated myoblast differentiation, we analyzed expression of these four skeletal-muscle-specific regulatory factors by QPCR during myoblast differentiation. A marked increase in MyoG mRNA levels was observed in control myoblasts; however, the deficiency of PTPLa completely impeded the MyoG increase ( Fig. 4A ). The repressed MyoG protein expression in the mutant myoblasts was observed by the Western blot analysis ( Fig. 4B ). No significant differences between the control and PTPLa-deficient myoblasts in MyoD, Myf5, and MRF4 expression levels were found (Fig. 4A ). This result implicated MyoG as a potential myogenic regulator in PTPLa-mediated myoblast differentiation.
To define the role of MyoG in PTPLa-mediated myoblast differentiation, a myoblast cell line lacking MyoG expression was generated. Two cell lines, the PTPLa-deficient and MyoGdeficient myoblasts, were used to test the hypothesis that PTPLamediated myoblast differentiation was induced through MyoG regulation. The plasmids expressing PTPLa and MyoG were transfected into the two mutant myoblasts, and the cell morphology changes, as well as levels of myogenic markers Acta-1 and MHC, were assessed ( Fig. 5 ). After transfection with the PTPLa expression vector, PTPLa-deficient myoblasts resumed the differentiation morphology changes, with cell elongation and alignment and myotube formation. The differentiation resumption was observed in PTPLa-deficient myoblasts transfected with MyoG expression vector as well ( Fig. 5A, upper panels) . In the MyoG-deficient myoblasts, however, the cells resumed differentiation morphology changes only after MyoG expression vector transfection and not after PTPLa expression vector transfection ( Fig. 5A , lower panels), suggesting that MyoG may function downstream of PTPLa. This suggestion was supported by the QPCR and Western blot evaluation of expression levels for myogenic markers Acta-1 and MHC. The inductions of Acta-1 transcript and MHC protein were impeded in PTPLa-deficient as well as in MyoG-deficient myoblasts. Reintroduction of PTPLa or MyoG rescued Acta-1 and MHC expression in PTPLa-deficient myoblasts. However, in MyoGdeficient myoblasts, Acta-1 and MHC expression was rescued only by MyoG transfection and not by PTPLa transfection. Together, these data demonstrated that, as a transcriptional regulator downstream of PTPLa, MyoG was responsible for PTPLamediated myoblast differentiation.
Myoblast proliferation was impeded by PTPLa deficiency. In the study of PTPLa's role in myogenesis, we observed that myo-blasts lacking PTPLa grew much slower in the growth medium than control myoblasts. To quantify the growth retardation, equal amounts of PTPLa-deficient and control myoblasts were synchronized and cultured in the growth medium to assess the cell growth rate differences. As shown in Fig. 6A , there were significantly smaller amounts of cells in the PTPLa-deficient group than in the control group. This gap in cell numbers was augmented at later times as cells grew exponentially. Meanwhile, the impeded cell proliferation in PTPLa-deficient myoblasts was confirmed by BrdU pulse-labeling at the 12-h time point. The number of BrdUpositive cells in the PTPLa-deficient group was about half of the control level, suggesting a proliferation defect in PTPLa-deficient myoblasts ( Fig. 6B and C) .
PTPLa knockdown resulted in S-phase arrest and compromised G 2 /M transition in myoblasts. To study the mechanism of Fig. 7) . As expected, the cell-cycling phases showed no significant differences between the mutant and control myoblasts at the 0 h time point (immediately after cell synchronization). Significant increases in S-phase populations of PTPLa-deficient myoblasts were observed at the 4 h (42.75%) and 8 h (36.26%) time points compared to the control myoblasts (34.70% and 19.99%, respectively). However, cell populations of the mutant myoblasts in the G 2 /M phase became smaller (19.60% and 16.81% at the 4 h and 8 h time points, respectively) compared to the control myoblasts (36.73% and 29.84%, respectively), indicating a compromised G 2 /M progression in PTPLa-deficient myoblasts. To further verify the abnormal G 2 /M progression in the mutant myoblasts, cells in the M phase were quantified. The mutant myoblasts lost dynamic changes, with only half of the control level's cell populations in M phase (Fig. 8A) .
Cyclin D1-cyclin-dependent kinase 4/CDK6 (CDK4/6) and cyclin E2-CDK2 are major regulatory complexes that regulate the checkpoint in the G 0 /G 1 -to S-phase transition (37, 44) . To investigate whether the upregulation of these complexes occurred in PTPLa-deficient myoblasts, immunoblot analysis of individual cyclins and CDKs was performed. As indicated in Fig. 8B and C, the cyclin D1, CDK4, CDK6, and cyclin E2 expression levels were markedly increased in the mutant myoblasts compared to the control cells. This suggested that the PTPLa expression level was critical for G 1 /S phase transition and that the PTPLa deficiency facilitated the G 1 /S-phase transition. The PTPLa-deficient myoblasts also displayed an abnormal G 2 /M progression. Since CDK1 is a key regulator of the G 2 -to-M-phase transition and the regulation of CDK1 activity involves phosphorylation and dephosphorylation of the kinase, the phospho-CDK1 level was assessed by Western blot analysis. As indicated in Fig. 8D , hyperphosphorylation of CDK1 was detected in the mutant myoblasts along with the upregulation of Myt1, indicating that an inactive CDK1 may contribute to the restrained G 2 -to-M transition. Enhanced activity of cyclin/CDK could deregulate DNA replication and cause DNA damage leading to cell death (7) , which may potentially contribute to the PTPLa mutant cell growth retardation. To rule out this possibility, we conducted terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) and caspase activity assays, which displayed no significant increase in cell death in the mutant myoblasts (data not shown). Finally, we demonstrated the mutant cell cycle defects by double-thymidine-synchronization treatment. Consistent with the low-serum synchronization result, a larger population of cells in the S phase, along with the smaller numbers of cells in the G 2 /M phase, was observed in the mutant myoblasts after 4-h and 8-h release from thymidine blocks compared to the wild-type control myoblast results (Fig. 9A ). In line with the higher percentage of cells in the S phase, the mutant myoblasts displayed higher BrdU-positive cell numbers in comparison with the control cells (Fig. 9B) . Meanwhile, the expression of p21 protein, a cyclin-dependent kinase inhibitor, was increased in the mutant myoblasts at the 0 and 4 h time points after the cell release from thymidine blocks, indicating a potential mechanism and further supporting the finding regarding the cell cycle arrest phenotype in the mutant cells ( Fig. 9C ). Taken together, these data suggested that the upregulation of cyclin D1 and cyclin E2 complexes, along with the inactivated CDK1 and upregulated p21, might have been responsible for the PTPLa deficiency-mediated S-phase arrest that contributed to the impeded cell growth.
PTPLa is a direct SRF gene target. Serum response factor is essential for skeletal-as well as cardiac-and smooth-muscle gene expression (40, 41, 49) . Mice with an SRF deletion in skeletal muscle experienced a severe deficiency in skeletal muscle growth and improper maturation (40) . Using computational biology approaches (Genomatix), we analyzed the 5-kb sequence upstream of the PTPLa gene and identified three putative SRF binding sites: SRE1 (serum response element 1), SRE2, and SRE3 (Fig. 10A) . The SRE consensus sequence is CC(A/T) 6 GG, with an AT-rich core. To determine whether SRF binds to the identified SREs, an EMSA was performed. Three 32 P-labeled DNA duplexes containing SRE1, SRE2, and SRE3 were used as probes (14) . A strong band shift was observed only when the SRE3 probe was incubated with the nuclear extract, and no shift was observed for SRE1 or SRE2 probes (Fig. 10B ). This suggested that SRF may bind to the PTPLa promoter via the SRE3. To verify the SRF-SRE3 interaction, a comprehensive EMSA was conducted (Fig. 10C) . As expected, a band shift was displayed with the addition of the wild-type SRE3 and nuclear extract (lane 3), while no SRF binding to the mutant SRE3 probe was observed, thus validating the binding specificity (lane 4). A supershift band was obtained by adding an anti-SRF antibody (lane 5), confirming the SRF-SRE3 interaction. Finally, an excess of unlabeled wild-type SRE3 probe was included in the SRF-SRE3 binding reaction, which resulted in the abolishment of the SRF-SRE3 band shift (lane 6). This experiment confirmed that SRF is able to bind the SRE motif in the PTPLa promoter region in vitro.
To investigate whether SRF interacts with the PTPLa promoter region in vivo, a ChIP assay was performed (66) . The specific SRF-DNA complex was immunoprecipitated using an anti-SRF antibody. Sequencing analysis showed that the DNA fragments isolated in the complex contained part of the PTPLa 5=-upstream sequence with the SRE3 site ( Fig. 10D) . Thus, the in vivo interaction of SRF with the SRE3 site in the PTPLa promoter region was confirmed.
To explore the functional significance of SRE3, a 5-kb-long duplex of the PTPLa 5=-upstream sequence containing the SRE3 site was subcloned into a luciferase reporter vector. The chimeric vector can express luciferase as a reporter under PTPLa promoter control. The effect of SRF on luciferase expression can be detected from the changes in luciferase activity. We cotransfected the SRFexpressing vector, and the introduction of SRF increased luciferase activity more than 5-fold compared to the baseline control without SRF (Fig. 10E) . In a parallel experiment, the proactive effect of SRF on the PTPLa promoter was completely abolished by the mutation of SRF binding site SRE3 in the PTPLa promoter. This result strongly suggests that the PTPLa is regulated by SRF.
To further demonstrate that PTPLa is one of the SRF directtarget genes, we evaluated PTPLa expression in skeletal muscle from skeletal-muscle-specific SRF deletion mice by the use of a conditional SRF allele harboring loxP sites (SRF loxp/loxp ) flanking SRF exon 1 (64) . Skeletal-muscle-specific SRF deletion was achieved by using a MCK-Cre transgene that has been shown to be activated in skeletal-muscle cells to delete the SRF loxp/loxp allele (12, 40) . Skeletal muscle extracted from postnatal day 2 mice was assessed. Based on the Western blot analysis, we estimate that the MCRK-Cre transgene directed deletion of at least 90% of SRF in skeletal muscle (Fig. 11A) . PTPLa protein and mRNA levels were then evaluated by Western blot analysis, regular reverse transcription-PCR (RT-PCR), and QPCR (Fig. 11A, B, and C) . The results showed marked decreases in PTPLa protein and mRNA expression levels in mutant animal skeletal muscle compared to wild-type animals, suggesting PTPLa as one of SRF regulatory genes.
Most transcription regulatory mechanisms are highly conserved. Because PTPLa is highly expressed in both skeletal muscle and heart tissues, we asked whether the SRF regulation of PTPLa expression was also active in the heart. An inducible ␣MHC-MerCre transgene was used to delete the SRF loxp/loxp allele (57) , and based on the Western blot analysis, the SRF protein level in the heart was reduced by more than 90% (Fig. 11D) . Along with the decrease in SRF expression, significant reductions in PTPLa protein and mRNA levels were also observed ( Fig. 11D, E, and F) , which was consistent with the observations of skeletal muscle. The result revealed a conserved regulatory mechanism in PTPLa gene expression.
DISCUSSION
Emerging evidence reveals that protein tyrosine phosphatases are involved in regulation of skeletal-muscle myogenesis (18, 22-24, 27, 32-34, 42, 60) . For example, mutations in myotubularin 1, a PTPase encoded by the MTM1 (myotubular myopathy) gene in humans, is responsible for X-linked centronuclear myopathy in humans and canines (8, 35, 36) . Besides the typical PTPases, a new family of protein tyrosine phosphatase-like (PTPL) genes has been identified (26, 62) . PTPL proteins have a conserved PTPase catalytic motif, (I/V)HCXXGXXP(S/T), except for the substitution of proline (P) for arginine (R). The biological consequence of the variation is unclear. One recent study in PTPLb, a member of the PTPL family, showed that the restoration of arginine had a minimal effect on PTPase activity (62) . Further enzymatic analysis of PTPL is necessary to understand its biochemical characteristics.
Previously, high expression levels of PTPLa mRNA were de- tected in both human and mouse heart-and skeletal-muscle tissues (38, 61) . In this study, we found that PTPLa protein was almost exclusively expressed in striated muscles, with the highest protein level detected in mouse heart followed by skeletal muscle, implying its potential role in these tissues. Genetic linkage studies from two independent groups identified PTPLa gene mutations in patients suffering from ARVD (31, 38) , although a direct relationship between mutations and disease was not established due to the limitations in human study. Genetically manipulated mouse models such as mutant PTPLa knockin or PTPLa knockout animal models would help define the pathogenic consequences of the presence of mutant PTPLa in heart tissue. Intriguingly, a "natural knockout" PTPLa animal that was due to a SINE (short interspersed repeat element) insertion in the exon of the PTPLa gene was reported in a group of Labrador retrievers. The SINE insertion led to either premature stop or truncated frameshift codons that resulted in PTPLa functional deficiency. The mutant dogs suffered from congenital myopathy with severe hypotonia. Histology analysis revealed centronuclear myopathy along with type 1 fiber atrophy and a type 2 fiber deficiency in skeletal muscle, which closely mimics human autosomal dominant and recessive forms of centronuclear myopathy (52) . While all of those previous studies provided strong evidence of PTPLa's function in myogenesis, the underlying molecular mechanism remained unknown. In this study, we identified MyoG as a downstream target of PTPLa. Skeletal myogenesis is tightly orchestrated by members of the MRF family, including MyoD, Myf5, MyoG, and MRF4. MyoD and Myf5 are required for the commitment of proliferating somitic cells to the myogenic lineage, whereas MyoG is required for committed cells (myoblasts) to differentiate into mature myocytes and myotube formation. Targeted disruption of the MyoG gene in mice resulted in perinatal lethality with severe defects in skeletal muscle (25, 48) . C2C12 myoblasts proliferate under high-serum conditions and spontaneously differentiate upon serum withdrawal. We observed dramatic increases in MyoD, Myf5, and MyoG expression in C2C12 cells after serum withdrawal; however, the PTPLa deficiency completely blocked the responsive increase in MyoG expression but not in MyoD and Myf5 expression. In parallel with the lack of increase in MyoG expression, the myoblasts lacking PTPLa failed to differentiate and form myotubes. The cells retained the proliferating status even in the serum-free differentiation medium. To understand the relationship between the PTPLa and MyoG, we generated a MyoG-deficient myoblast cell line that (as expected) showed impaired differentiation. By individual rescue experiments, we demonstrated that the introduction of MyoG was sufficient to restore myoblast differentiation in PTPLa-deficient cells and in MyoG-deficient cells. However, introduction of PTPLa res-cued the cell differentiation only in PTPLa-deficient cells and not in MyoG-deficient cells. This suggested that PTPLa regulated myoblast differentiation at least partially through MyoG. The next intriguing issue is how PTPLa regulates MyoG. Several early studies demonstrated that MyoG is positively regulated by another essential muscle transcription factor, MEF2 (myocyte enhancer factor 2) (19, 29, 56) . We found that MEF2 activity was attenuated in the mutant myoblasts, suggesting possible signaling from PTPLa through MEF2 to regulate MyoG (data not shown).
In this study, we also discovered lower cell growth and DNA synthesis rates in PTPLa-deficient myoblasts. Flow cytometry and immunoblot analyses revealed the S-phase arrest in the mutant cells along with the upregulation of cyclin D and cyclin E complexes. In general, the active complex of cyclin D/CDK4 targets the retinoblastoma protein (pRb) for phosphorylation, allowing the release of E2F transcription factors that activate the G 1 /S-phase gene expression (43) . Activation of cyclin D/CDK4/6 results in phosphorylation of pRb, which reduces the activity of p21 Waf1/ Cip1 and p27 Kip1, allowing subsequent activation of cyclin E/CDK2 (37, 44) . Cyclin E/CDK2 further phosphorylates pRb to facilitate the progression into the S phase (21) . Therefore, the upregulated cyclin D/CDK4 and cyclin E/CDK2 observed in PTPLa-defective myoblasts enhanced cell entry into the S phase. Meanwhile, the flow cytometry analysis and low growth rate indicated that PTPLa-defective myoblasts failed to divide and to complete the G 2 -to-M transition. To reveal a possible mechanism, we analyzed the key regulator in the G 2 /M transition, CDK1 (cyclindependent kinase 1), encoded by the cdc2 gene in humans. It is well known that dephosphorylation of CDK1 tyrosine-15 and threonine-14 sites activates the kinase and advances cells into mitosis (5, 50) . Phosphorylation of CDK1 by Myt1 and Wee1 kinases, however, keeps the CDK1 complex in an inactive state and prevents cells from undergoing the G 2 /M transition (45, 63) . In PTPLa-deficient myoblasts, hyperphosphorylated CDK1, along with upregulation of Myt1, was observed. Although we do not know whether CDK1 is a direct dephosphorylation target of PTPLa, the impaired G 2 /M transition due to PTPLa deficiency strongly implies that this is the case. Furthermore, with the doublethymidine treatments, upregulated p21 expression was observed, suggesting a potential mechanistic role of p21 in PTPLa-mediated cell proliferation regulation. Taking these results together, we believe that the enhanced G 1 -to-S entry mediated by upregulation of the cyclin D/CDK4 and cyclin E/CDK2 complexes, along with a compromised G 2 /M transition due to the repressed CDK1 activity and upregulated p21, results in cell cycle arrest, which eventually contributes to retarded cell growth.
It is important to realize that, from the biological process point of view, cell proliferation and differentiation are "mutually exclusive" in the sense that differentiation starts when proliferation ceases. However, this does not mean that when one process is impaired the other is necessarily enhanced. In this study, we found that both cell proliferation and differentiation were impaired by PTPLa deficiency through different mechanisms, one operating through cell cycle checkpoint regulation and the other operating through MyoG to regulate differentiation, suggesting that the regulation of myogenesis is complicated, as demonstrated by many earlier studies (40, 58) .
Finally, we studied the transcriptional regulation of the PTPLa gene and identified PTPLa as a new target gene for SRF, an essential transcription factor for skeletal-, cardiac-, and smooth-muscle development. A previous study demonstrated that mouse skeletal muscle lacking SRF expression showed severe hypoplasia and failed to grow (40) . SRF directly bound to a DNA sequence known as the serum response element and served as a platform to recruit other muscle regulatory proteins in order to regulate contractile protein gene expression (15, 40, 46, 49, 51) . We found that PTPLa regulation by SRF was conserved in both skeletal and cardiac muscle. In mice, the lack of SRF expression in skeletal muscle led to significant decreases in PTPLa transcript and protein expression, which is similar to the phenotype observed in mouse myocardium lacking SRF expression. These results have provided in vitro and in vivo evidence that SRF transcriptionally regulates the PTPLa gene. Given the fact that SRF functions as a muscle "myogenic driver," it makes sense that PTPLa might be another new downstream target of SRF and that it participates in muscle development.
In summary, the present study defined a promyogenic role of PTPLa, revealed the underlying molecular mechanisms of PTPLa in myoblast proliferation and differentiation, and demonstrated PTPLa gene transcriptional regulation by SRF.
